A major challenge for the commercial poultry production is controlling enteric diseasecausing pathogens in the absence of prophylactic drugs. Although traditional genetic approaches have contributed to enhanced efficiency of poultry production and increased the ability of the industry to provide safe, high quality, and low cost meat products to consumers, economic losses due to enteric diseases remains a significant problem. Therefore, there is a need to develop alternative control strategies against poultry enteric pathogens of economic importance. Recent advances in molecular genetics and functional genomics are now allowing for rapid progress in understanding the molecular mechanisms of disease resistance against major infectious agents of poultry. It is anticipated that identifying the nature of host-pathogen interactions will facilitate the development of novel vaccines and therapeutics. In this paper, recent progress in identifying genes that influence resistance to avian coccidiosis, the most economically important disease of poultry, will be discussed. This work provides an excellent example of how the integration of new molecular genetic and functional genomics tools increases our knowledge of the mechanism of genetic resistance to complex diseases.
INTRODUCTION
Intestinal mucosal surfaces are defended against enteric pathogens by the gutassociated lymphoid tissues. The primary effecter cells localized here are intraepithelial lymphocytes (IELs) of the outer mucosal epithelial layer that recognize and destroy pathogens that breach the intestinal epithelium [1] . IELs play an important role in the host response to avian coccidiosis, an intestinal disease caused by a ubiquitous Intestinal protozoan belonging to the genus Eimeria that seriously impairs the growth and feed utilization of infected chickens [2] . Chicken intestinal IELs and their cytokines generated during a primary immune response against Eimeria parasites are principally responsible for protective immunity against subsequent secondary infections [1, 3] . However, detailed investigation of host-pathogen interactions in avian coccidiosis at the cellular and molecular levels has been hampered for a variety of reasons, mainly the lack of DNA sequence homology between mammalian and avian immune-regulated genes.
Over the past few decades, in-feed antibiotics and active vaccination have been the two main strategies used to control avian coccidiosis. However, increasing public concerns are prompting more strict government regulations on the use of growthpromoting drugs in animal production, and the ability of current vaccines to protect against emerging hypervirulent strains of many poultry pathogens is becoming a major issue. Therefore, there is a timely need to develop alternative control strategies against avian diseases of economic importance. Genetic selection of disease resistant chickens offers a powerful method of disease control, particularly in combination with other state-of-the-art protocols, such as those utilizing new molecular genetic and functional genomics tools. Although tremendous improvements in commercial chicken production traits (e.g. growth rate and feed conversion efficiency) have been accomplished using classical genetic breeding techniques, selection of commercial poultry stocks with improved disease resistance using similar techniques has been relatively unsuccessful. However, with the advent of quantitative trait loci (QTL) mapping strategies, DNA markers that are associated with growth performance and disease resistance can now be identified, in particular genotypes, and this information subsequently used in marker-assisted selection of breeding stocks. For example, recent studies have reported QTL mapping of body weight gains and resistance to Marek's disease in chickens [4, 5] .
A consensus chicken genomic linkage map was published in 2000 based on three resource mapping populations (broiler, layer, and Chinese Silkie) comprising 1,889 loci [6] . The physical map and draft sequence of the chicken genome were completed at the Washington University Genome Sequencing Center and Beijing Genome Institute on these three domestic chicken varieties to identify and evaluate chicken genome variation. For the comprehensive mapping of disease resistance traits, many more microsatellites are needed to obtain complete genome coverage, due to the relatively low abundance of microsatellites on many microchromosomes [4] . As an alternative, single nucleotide polymorphisms (SNPs) represent the most common form of DNA variation in the genome. More than 3 million candidate chicken SNPs are available in the public database (http://www.ncbi.nlm.nih.gov/SNP) . SNPs are single base changes or nucleotide variations between individuals (usually biallelic variations) that can occur in gene promoters, exons or introns or between genes (intergenic). SNPs within coding sequences are categorized as either synonymous (do not result in an amino acid change) or non-synonymous (results in an amino acid change). Non-synonymous SNPs are of interest due to their potential effect on the phenotype ofan individual. The optimal approach for SNP discovery and validation is to perform a comparative analysis ofthe DNA sequences from different individuals to identify nucleotide variations in a gene. Because of their high density in genomes and ease of detection and statistical analysis, SNPs will undoubtedly find future use in several areas of poultry science such as genetic linkage map construction and QTL mapping.
Our initial attempt at genome-wide searches for markers that control resistance to coccidiosis led to the identification of a QTL associated with reduction of parasite growth [7] . Using 119 microsatellite markers in 314 F2 birds segregating for coccidiosis disease susceptibility, which covered 80% of the genome with an average interval of 25 cM, we identified the LEI0101 marker, located at 259 c on chromosome 1, as being significantly associated with disease resistance to E. maxima (LOD = 3.46) (Fig. 1) . Subsequent multipoint linkage analysis studies using eight additional microsatellite markers linked to LEI010I identified LEI0071 located at 242 c on chromosome 1 with an even higher association with disease resistance (LOD = 3.74) [8] . Although these two QTL markers have provided important information on the genetics of resistance to coccidiosis, the region in which they are located is sufficiently large to contain hundreds, if not thousands, of candidate genes. Therefore, in the current study, a functional genomics approach was undertaken to identify candidate genes flanking the LEI007 1 and LEIO 101 QTLs potentially controlling disease resistance. Asa supplemental approach, our avian intestinal intraepithelial lymphocyte cDNA array (AVIEA), constructed from a library of genes expressed by intestinal intraepithelial lymphocytes (IELs) of Eimeria-infected chickens [9] , was also used to identify candidate genes affecting gut immune responses to E. maxima infection. The results of these studies are described below. 
MATERIALS AND METHODS

Identification of DNA markers associated with coccidiosis resistance in commercial broiler chickens
In the initial QTL mapping study which we reported in 2003 [7] , three commercial broiler breeding lines (Lines 1, 2 and 3) were separately challenged with the RBIB highly virulent Marek's disease (MD) virus, E. maxima oocysts, or sheep red blood cells (SRBC) as a positive control, to evaluate their immune responses and disease resistance. These three lines showed wide variations in immune responses to the different inoculations. Line 1 exhibited the least susceptibility to coccidiosis and MD whereas Line 3 was identified as the most susceptible to infections and gave the lowest antibody titres to SRBC. Utilizing Lines I and 3, F' and F2 generation animals were produced to study the development of resistance to coccidiosis. The F 2 offspring were challenged with a pre-determined optimal dose of E. maxima oocysts and five disease-resistance-associated parameters were measured (body weight gain, faecal oocyst shedding, and plasma levels of NO 2-+ NO3-, carotenoid, and interferon-y). Genotypic data collected from the F' and F 2 chickens was analyzed with CRIMAP version 2.4 to test the agreement between the linkage map of these families and the chicken consensus map. From these studies, the LEI007I and LEIO1O1 markers were identified.
Fine mapping studies were carried out to identify additional QTLs near the LEIO 101 marker using eight additional microsatellite markers selected based on linkage map, physical map, and marker informativeness [6] . The data was adjusted for hatch, sex, and interaction between hatch and sex. Sequential oligogenic linkage analysis (SOLAR) was used to perform QTL linkage analysis and the threshold of significance was based on the guidelines suggested for genome scans by Lander and Kruglyak [10] , i.e. a log of the odds (LOD) score (A statistical estimate of whether two loci are likely to lie near each other on a chromosome and are therefore likely to be inherited together) of 2.7 for single point linkage analysis and 3.6 for multipoint linkage analysis. Identification of SNPs linked to coccidiosis resistance was investigated in several candidate genes located near the LEI007 I and LETO 101 QTLs. Several candidate genes related to host immunity and located near these QTLs are shown in Figure I .
Construction of an avian intestinal IEL cDNA array (AVIEA) and global gene expression analysis
The AVIEA contained expressed sequence tagged (EST) cDNAs that were selected from our previously reported 14,409 EST clones from a chicken intestinal IEL library [9] . Plasmid DNAs were prepared using the REAL Prep 96 kit (Qiagen, Valencia, CA) and cDNA inserts were amplified using PCR SuperMix (Invitrogen, Carlsbad, CA). Purified PCR products were spotted Onto Telechem SuperAmine slides (Telechem International, Sunnyvale, CA) using an OmniGridAccent spotter (GeneMachines, San Carlos, CA) as duplicated 24 subarrays, each as a 21 x 21 grid. A total of 9,668 ESTs were spotted in duplicate. Of these, 6,654 elements (69%) were identified as known genes and 3,014 (3 1%) were unique singletons of unknown identity, as determined by Blast analysis. A subset of 5,872 elements containing at least one replicate spot that provided high quality data was used for the microarray analysis.All sequencedata files wereobtained fromNCBI (http://www.ncbi.nlm.nih.gov ). IEL cDNA elements used to create the AVIEA were mapped to the chicken genome reference assembly (version 2.1) and reference RNAsequences (formatted database for Blast, May 2006) using NCBI Blast (version 2.2.13). Entrez gene data and Homologene data (October 2006) from NCBI were used to gather gene information (identification number, symbol, and name). Chicken Entrez gene identities were mapped to Homologene IDs for human or mouse, which were used for analyses of Gene Ontology and pathway classification from the PANTHER (http://www.pantherdb.org ) and DAVID databases (http://david.abcc.ncifcrf.gov). Python (version 2.2.4) and SQL scripts were used to process and manipulate Blast results and data processing, respectively. Data forgeries from the chicken genome were obtained from Ensembi database release 42 (http://www.ensembI.org ).
Experimental coccidiosis was achieved by oral inoculation of White Leghorn SPAFAS chickens (Charles River Laboratories, Storrs, CT) with sporulated oocysts of the wild-type 41 A E. maxima strain [3] . For primary infection, three groups of chickens were inoculated with 1.0 x 10' oocysts/chicken at 3 weeks of age. For secondary infection, three groups received the same primary inoculation followed by oral infection at 6 weeks of age with 2.0 x 101 oocysts. Two remaining groups served as uninfected controls. IELs were isolated from the intestinal jejunum (the region from the Meckel's diverticulum to the ileum) from tininfected control and inoculated animals at 1, 2, and 3 days post-primary or post-secondary infection. Total RNA was prepared using TRizol (Invitrogen) and the RNeasy Mini RNA Purification Kit (Qiagen), and aminoallyl-labeled RNA was prepared using the Amino Allyl Message Amp II aRNA Amplification Kit according to the manufacturer's protocol (Ambion, Austin. TX). Briefly, first strand eDNA was prepared by reverse transcription from 2.0 gg w of RNA using a modified oligo-dT primer containing a T7 RNA polymerase binding site at the S'end, followed by second strand cDNA synthesis. The double-stranded cDNA was transcribed to aminoallyl-labeled RNA using T7 RNA polymerase with aminoallyl-UTP. Two 20 jig aliquots of each aminoallyl-RNA sample were fluorescently labeled with AlexaFluor 555 or AlexaFluor 647 (Invitrogen) according to the manufacturer's instructions and labeled RNAs were column purified using the RNAAmplification Kit (Ambion). Formicroarray hybridization, a circular loop design was employed and two-colour microarray hybridizations were performed using Hyblt hybridization buffer(Telechem) in Mica hybridization chambers (GeneMachines) at 50°C overnight. After hybridization, the slides were scanned with an ArrayWoRx scanner (Applied Precision, Issaquah, WA) using appropriate filters. Spot and background intensities were acquired using SoftWoRx tracker (Applied Precision) and data analysis was performed using GeneSpring version 7.3 (Silicon Genetics, Redwood City, CA). For each spot, the mean spot intensity was obtained by subtraction of the mean background intensity from the mean foreground spot intensity and normalized to the slide mean background-subtracted spot intensity. Within the primary and secondary infection groups, normalized spot intensities generated using RNAs from days 1, 2, and 3 post-infection were compared with the corresponding intensities obtained using day 0 uninfected control RNAs. Elements exhibiting greater than 2.0-fold alterations in signal intensity during at least one of the three time points were analyzed by ANOVA and considered statistically significant at P < 0.05.
RESULTS
Identification of DNA markers influencing coccidiosis resistance in broiler chickens
We previously identified the LEIO1O1 QTL on chromosome 1 as significantly associated with resistance to coccidiosis (i.e. reduced oocyst shedding) with an LOD score of 3.14 ( Fig. 1) [ 7 ] . The heritability (hq2) at this locus was 0.39. Interestingly, a QTL associated with viremia in chickens challenged with MD virus also was mapped near LEIOIOI [9] . In addition, 3 potential loci affecting chicken growth were identified, MCW0058 (LOD = 2.20, hq2 = 0.37) and MCW0020 (LOD = 1.84, hq2 = 0.30) on chromosome 1, andADLO 142 (LOD = 2.43, hq 2 = 0.26) on chromosome 6. The MCW0058 marker was previously reported to be significantly associated with chicken growth [ 4 ] . The MCW0058 and LEI0101 markers are 20 cM apart. Subsequently, fine mapping analysis using 8 additional microsatellite markers in F' and F2 animals (N = 314) revealed a new QTL (LEI0071) linked to LEIOI 01. Using single locus analysis of association with oocyst shedding, the LOD scores at 5 marker loci between 240 c and 265 cM were less than 0.5 based on the data from 4 families classified as informative. In contrast, single point linkage analysis of marker LEI007 1 at 242 cM on chromosome 1 gave an LOD score of 2.45, and the marker LEIO1O1 at 259 cM was also confirmed as significantly associated with disease resistance (LOD = 2.90). Multipoint linkage analysis with 1.0 cM increments based on the four selected families revealed a LOD score of 3.74 at 254 W. The maximum LOD point was located between the LEI007 1 and LEIO 101 markers. The F2 offspring of the largest family were divided into three groups based on their genotype of alleles 1 and 3 (1/. 1, 1/3, 3/3) with the marker genotype 1/3. The difference between genotypes 1/1 and 3/3 of this locus was significant, based on the multiple comparison test (P <0.05). Thus, allele 3 was potentially linked to the high oocyst shedding QTL allele.
Several potential disease resistance genes linked to LEI0071 and LEIO1O1 were identified (Fig. 1) . Due to their known roles in immunity, the CD4 and zyxin genes were selected as candidates that could potentially influence resistance to coccidiosis for SNP analysis. Of the SNPs from these genes that were analyzed in association with the five phenotypic parameters of disease resistance mentioned above, only plasma carotenoid level was significantly linked to zyxin. In this regard, plasma carotenoid concentrations were previously shown to be amore sensitive measurement of avian coccidiosis than body weight gain [11] . None of the CD4 SNPs were associated with disease resistance.
Local gene expression profiling in broiler chickens infected with E. maxima
In an alternative attempt to identify chicken genes conferring protective immunity to coccidiosis, our previously described AVIEA microarray, which was constructed from genes expressed in intestinal IELs following Eimeria infection, was used.
Initially, chicken intestinal IEL RNA expression levels at days 1, 2, and 3 following primary or secondary E. maxima infections were determined, and these values were compared with those of the corresponding RNAs from uninfected control animals. Using an arbitrary cut-off of> 2.0 alteration in gene expression, 406 (6.9%) of the gene transcripts exhibited increased or decreased levels following primary infection.
Of these, 74 were significantly changed (51 increased, 23 decreased) (P < 0.05).
Similarly, 717 (12.2%) of the mRNAs were altered more than 2.0-fold during secondary infection, of which 308 were significantly modulated (62 increased, 246 decreased). It is interesting to note that while the majority of genes with altered expression levels during primary infection were upregulated, more genes were downregulated following secondary inoculation. However, only 3 genes were commonly modulated during both primary and secondary infections (2 unidentified ESTs [GenBank accession numbers CD734414 and CD734999] and 1 mapped gene [etoposide-induced 2.4 mRNA].
Functional analyses of the genes whose expression was altered during the course of primary or secondary E. maxima infections were performed using the PANTHER and DAVID databases. Biological process analysis showed that the largest groupings of modulated genes were related to protein and nucleic acid metabolism, signal transduction, and intracellular protein transport. Similarly, molecular function analysis of these genes revealed that the most prominent functions were related to nucleic acid binding, regulatory molecules, transcription factors, and transferase activities. Finally, the analysis was specifically focused on immune-related pathways; it was observed that many of the modulated genes were related to peroxisome proliferatoractivated receptor (PPAR) signaling, apoptosis, interleukin signaling, Toll-like receptor signaling, antigen processing, the defence response, and the ubiquitin/proteosome system. The genes involved in interleukin signaling were especially interesting in this regard since our prior studies have documented an important role for these cytokines in protective immunity to coccidiosis [1] . We observed that at least 7 genes relevant to interleukin signaling (ILIR, FOXP2, MAPK6, JAK, STAT3, STAT4, and STAT5B) were either up-or downregulated during primary or secondary E. maxima
Next, the microarray analysis was specifically focused on three of the candidate genes linked to the LEI007 1 and LEIO 101 QTLs identified above, specifically zyxin, glutathione S-transferase kappa 1 (GSTKI), and lymphotactin. As shown in Figure 2 , most changes in gene expression levels were observed at 2 or 3 days postprimary and post-secondary infection. Transcripts for zyxin were significantly upregulated at 3 days post-secondary infection, whereas those for GSTKJ were upregulated at 2 days post-primary infection but downregulated at days 2 and 3 postsecondary infection.
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DISCUSSION
The results of the current study confirm and extend our previous studies that identified two QTL5 on chromosome I (LEI007I and LEI0I01) associated with resistance to avian coccidiosis. By SNP analysis, zyxin (a component of focal adhesions that regulates actin filament assembly), was most closely associated with disease resistance as assessed by plasma carotinoid levels. Because Eimeria protozoa invasion of intestinal epithelia leads to widespread tissue destruction, it is tempting to hypothesize that part of the host's physiological response in the gut to infection involves tightening of the epithelial barrier, which may be accomplished, in part, by strengthening the interaction between epithelial cells and the extracellular matrix through focal adhesions.
Additionally, by microarray analysis it was observed that the expression of at Furthermore, augmentation of JAK and STAT5B expression, and repression of IL1R and MAPK6 expression at day 1 post-secondary infection may signify rapid switching from an early innate response to a later adaptive immune response. The current study also indicates that other signaling pathways involved in driving innate and adaptive immune responses were activated during coccidiosis. PPARs are cell surface receptors that act as transcription factors and belong to the ligand-activated nuclear receptor superfamily [12] . In addition to mediating anti-inflammatory effects, PPARs also are involved in lipid oxidation and homeostasis, and adipocyte differentiation. In summary, this report provides the first comprehensive analysis of chicken intestinal IEL gene expression following infection with Eimeria. The results clearly illustrate the utility of the AVIEA as a tool for elucidating the genetic mechanisms used by immune cells in local immune responses. Furthermore, the integration of modem molecular genetics and functional genomics tools has provided new information for identifying genes controlling complex traits such as disease resistance. With rapidly developing technologies in functional genomics and computational biology, it is anticipated that with the integration of these new findings will enable the formulation of new paradigms to control coccidiosis. Furthermore, understanding what types of genes are involved in controlling the host response to pathogens will enable the development of novel vaccination and other strategies.
